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Nucleotide sequences of all eight RNA segments of 10 human H3N2 influenza viruses isolated during a
5-year period from 1993 to 1997 were determined and analyzed phylogenetically in order to define the
evolutionary pathways of all genes in a parallel fashion. It was evident that the hemagglutinin and neuramin-
idase genes of these viruses evolved essentially in a single lineage and that amino acid changes accumulated
sequentially with respect to time. In contrast, amino acid differences in the internal proteins were erratic and
did not accumulate over time. Parallel analysis of the phylogenetic patterns of all genes revealed that the
evolutionary pathways of the six internal genes were not linked to the surface glycoproteins. Genes coding for
the basic polymerase-1, nucleoprotein, and matrix proteins of 1997 isolates were closest phylogenetically to
those of earlier isolates of 1993 and 1994. Furthermore, all six internal genes of four viruses isolated in the 1995
epidemic season consistently divided into two distinct branch clusters, and two 1995 isolates contained PB2
genes apparently originating from those of viruses before 1993. It was apparent that the lack of correlation
between the topologies of the phylogenetic trees of the genes coding for the surface glycoproteins and internal
proteins was a reflection of genetic reassortment among human H3N2 viruses. This is the first evidence
demonstrating the occurrence of genetic reassortment involving the internal genes of human H3N2 viruses.
Furthermore, internal protein variability coincided with marked increases in the activity of H3N2 viruses in

1995 and 1997.

The surface hemagglutinin (HA) glycoprotein of influenza
viruses is the major target for neutralizing antibodies, and
point mutations in the potential antigenic domains of this pro-
tein are thought to allow viruses to evade established immune
antibodies in the human population. Some influenza seasons
are more severe than others, and this is thought to be a reflec-
tion of the degree of antigenic change in the HA protein of
newly appearing antigenic variants from those of the former
strain. Viruses with antigenically drifted HA proteins thus have
a selective advantage in becoming the subsequent epidemic
strain. Analyses of epidemic influenza virus isolates, therefore,
have chiefly focused on antigenic characterization of the HA
glycoprotein in order to detect new variants of each epi-
demic strain for the recommendation of vaccine strains in
each season.

Although there have been a number of reports on the char-
acterization of human H3N2 influenza viruses, it was recently
reported that detection of a new H3N2 antigenic variant is
often associated with the rapid disappearance of the former
variant (14, 31). For example, during the 1992-1993 epidemic
season in Japan and England an A/Beijing/352/89-like H3N2
variant that circulated early in the season was displaced by an
A/Beijing/32/92-like variant (14, 31) during the latter part of
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the same season. Other reports, however, have demonstrated
cocirculation of phylogenetically distinct H3N2 viruses in the
same season (12, 34, 35).

It has been reported repeatedly that the virulence and
growth of influenza viruses are influenced by changes in the
internal proteins. The matrix (M1) protein is a multifunctional
protein which contributes to the control of virulence, growth,
(15, 52, 62, 63) and host specificity of influenza viruses (10, 33).
In experiments with single gene reassortants of influenza vi-
ruses, it was shown that changes in the NP, basic polymerase-2
(PB2), and M1 proteins were involved in host restriction in
monkeys (33), while attenuation of human viruses was con-
firmed in human volunteers by changes in the NP, nonstruc-
tural-1 (NS1), PB1, and PB2 proteins (10). Considering this
evidence, the severity of an influenza epidemic season may be
influenced not only by variability in the surface glycoproteins
(HA and NA) but also by differences in the internal proteins
(PB2, PB1, PA, NP, M1, M2, NS1, and NS2) of circulating
influenza viruses. In this study, parallel evolutionary analyses
of all eight gene segments and amino acid comparisons of all
10 viral proteins of 10 human H3N2 epidemic strains isolated
over a 5-year period from 1993 to 1997 in Japan was done in
order to provide a complete profile of protein variability, as
well as the evolutionary patterns of all gene segments of these
viruses. Also, phylogenetic and amino acid sequence data were
compared with seasonal epidemiological data, including the
total number of influenza-like illnesses and the numbers of
virus isolations in Japan.



TABLE 1. Sequence data and abbreviations of H3N2 isolates used in this study

Sequence references” for:

Strain Abbreviation Segment 1 Segment 2 Segment 3 Segment 4 Segment 5 Segment 6 Segment 7 Segment 8
PB2 gene PB1 gene PA gene HA gene NP gene NA gene M gene NS gene
A/Aichi/2/68 Aic68 M63515 —> M63515 M34829
A/NT/60/68 NT68 J02140 J02138 J02139 J02136
A/Beijing/1/68 Bei68 L07340
A/Hong Kong/8/68 HK68 U42630
A/Memphis/1/71 Mem71 L07341
A/Hong Kong/107/71 HK71 U42631
A/Udorn/307/72 Udn72 M91712 D00051 J02167 J02169
A/Dunedin/4/73 Dun73 M74899
A/PortChalmers/73 PC73 X08092
A/Beijing/39/75 Bei75 L07358
A/Victoria/3/75 Vic75 J02173
A/Alaska/6/77 Ala77 K01332
A/Texas/1/77 Tex77 D00602
A/Guangdong/38/77 Gua77 L07359
A/Bangkok/1/79 Ban79 K01150 K01140
A/Memphis/5/80 Mem80 L07360
A/Shanghai/31/80 Sha80 L07361
A/HongKong/5/83 HK83 M22577
A/Yamagata/96/85 Yam85 NA“
A/Houston/24269/85 Hou85 M17699
A/Mississippi/1/85 Mis85 U42632
A/Memphis/14/85 Mem85 L07364
A/Memphis/6/86 Mem86 L07365
A/Los Angeles/2/87 Los87 U62543
A/Guangdong/9/87 Gua87 L07366
A/Sichuan/2/87 Sic87 D21173 D30671*¢
A/Shanghai/11/87 Sha87 U42633
A/Memphis/8/88 Mem88 M36040 M259361 L07370 M63516
A/England/427/88 Eng88 U42634
A/Guangdong/38/89 Gua89 L07373
A/Guangdong/39/89 Gua89 L18995
A/Guizhou/54/89 Gui89 D49963
A/Hokkaido/20/89 Hok89 D49960 D30672*
A/Beijing/352/89 Bei89 D49961 L07353 U42635 D30670*
A/Shanghai/6/90 Sha690 L07357
A/Shanghai/24/90 Sha2490 U42636
A/Memphis/1/90 Mem90 L07355
A/Bangkok/144/90 Ban90 D49966
A/Shiga/2/91 Shigl D49967
A/Brazil/2/91 Bra9l D30662
A/Washington/15/91 Was91 D30663 U42637 D30673*
A/Beijing/32/92 Bei92 746392 U42770 D30667*
A/Yokohama/83/92 Yok92 D30665
A/Tianjin/33/92 Tia92 D30664 D30674*
A/Sapporo/304/92 Sap92 u42776
A/Netherlands/938/92 Net92 u42775
A/Harbin/15/92 Har92 U42773
A/Nanchang/3332/93 Nan93 u42779
A/Washington/26/93 Was93 U43420
A/Louisiana/4/93 Lou93 U43417
A/Hebei/12/93 Heb93 D30668 U65561*
A/Shangdong/9/93 Shd93 746417 U43419
A/Kitakyushu/159/93 Kit93 AF037412%  AF037418*  AF037424*  D30669 AF038254*  AF038260*  U65562* D30676*
A/Guangdong/24/93 Gua2493 u42777
A/Guangdong/25/93 Gua2593 U42778
A/Bangkok/122/94 Ban9%4 U43426
A/Hebei/41/94 Heb9%4 U48441
A/Guangdong/28/94 Gua9%4 U48442
A/Sendai/c384/94 Sen%4 U48440
A/Singapore/7/94 Sin9%4 U43422
A/NewYork/16/94 NY9%4 U43424
A/Vermont/3/94 Ver94 U43423
A/AKkita/1/94 Aki%4 U71132* U71128* U71136* U48443 U71144* U71140* U65564* U65670*
A/Johannesburg/33/94  Joh94 U43425
A/Tochigi/44/95 Toc95 AF037413*  AF037419*  AF037425*  U65554* AF038255*  AF038261*  U65569* AF038275*
A/Aichi/69/94 Aic95 U48446
A/Shiga/20/95 Shi9s U71134* U71130* U71138* U65557* U71146* U71142* U65573* U65673*
A/Akita/1/95 Aki95 U71133* U71129* U71137* U48444 U71145* U71141* U65574* U65671*
A/Alaska/10/95 Ala95 U51245
A/Wuhan/359/95 ‘Wuh95 AF038268* Us1246
A/Miyagi/29/95 Miy95 U71135% U71131* U71139* U65560* U71147* U71143* U65577* U65674*
A/Fukushima/114/96 Fuk96 AF037414*  AF037421*  AF037427*  AF038266*  AF038257*  AF038265*  AF038272*  AF038277*
A/Niigata/137/96 Nii%6 AF037415*  AF037420*  AF037426*  AF038267*  AF038256*  AF038262*  AF038271*  AF038276*
A/Fukushima/140/96 Fuk97 AF037416%  AF037422*  AF037428*  AF038269*  AF038258*  AF038263*  AF038273*  AF038278*
A/Shiga/25/97 Shi97 AF037417*  AF037423*  AF037429*  AF038270*  AF038259*  AF038264*  AF038274*  AF038279*

“x, Sequenced in this report.
> —, Sequence not available.
“NA, accession number not available (Nakajima et al. [35]).
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MATERIALS AND METHODS

Viruses. The viruses used in this study and their abbreviations are summarized
in Table 1. Abbreviations for Japanese strains isolated between 1993 and 1997
reflect the epidemic season in which the strain was isolated and not necessarily
the year of isolation. For example, isolate A/Aichi/69/94, which was isolated
during the influenza season of 1994-1995, was assigned the abbreviation Aic95 in
order to more easily distinguish this virus from viruses of the 1993-1994 season,
such as A/Akita/1/94 (Aki94). Viruses whose genes were sequenced in this report
were propagated in 11-day-old embryonated chicken eggs (E) or MDCK-cell
monolayers (M) as follows: A/Sichuan/2/87 (E), A/Hokkaido/20/89 (E), A/Bei-
jing/352/89 (E), A/Washington/15/91 (E), A/Beijing/32/92 (E), A/Hebei/12/93
(E), A/Tianjin/33/92 (E), A/Kitakyushu/159/93 (E), A/Akita/1/94 (E), A/Tochigi/
44/95 (M), A/Shiga/20/95 (E), A/Akita/1/95 (E), A/Wuhan/359/95 (E), A/Miyagi/
29/95 (M), A/Fukushima/114/96 (E), A/Niigata/137/96 (M), A/Fukushima/140/96
(E), and A/Shiga/25/97 (M).

RNA extraction and nucleotide sequencing. RNA from 100 pl of virus sample
was purified as described previously (9) and suspended in 50 wl of RNase-free
distilled water. Whenever possible, samples were taken directly from virus stocks
received from municipal and prefectural centers for hygiene without being prop-
agated further in our laboratory. Reverse transcription (RT)-PCR was per-
formed by using a slightly modified protocol of a commercial kit (RT-PCR kit
with avian myeloblastosis virus [AMV]; version 2.1; Takara). Briefly, first-strand
cDNA synthesis was done by mixing 9.5 ul of RNA with 1 pl of “influenza A
universal RT” primer (3'-AGCAAAAGCAGG-5") (20 pM) and 9.5 pl of RT
reaction mixture (4 pl of 25 mM MgCl,, 2 pl of 10X RT-PCR buffer, 2 ul of 10
mM dNTP, 1 ul of AMV reverse transcriptase, 0.5 pl of RNase inhibitor). This
mixture was incubated at 30°C for 10 min, at 42°C for 60 min, and finally at 95°C
for 5 min. Resultant cDNA was then used in all subsequent PCR amplifications
of overlapping cassettes covering the complete protein coding domain of each
gene. Nucleotide sequences for all oligonucleotide primers used for PCR am-
plification are available from the authors upon request. RT-PCR products were
purified and sequenced directly as described previously (48) on an ABI377
autosequencer (Perkin-Elmer). All nucleotide sequence data reported here will
appear in the GSDB, DDBJ, EMBL, and NCBI nucleotide sequence databases
under the accession numbers listed in Table 1. Accession numbers for previously
reported sequence data used in this report for the PB2 (21, 24, 29, 45), PB1 (4,
22, 25), PA (5), HA (14, 35, 37), NP (1, 6, 18, 50), NA (2, 32, 53, 59), M (23, 28,
43, 60, 64), and NS (7, 27, 42) genes are also summarized in Table 1.

Phylogenetic analyses. Phylogenetic analyses of the complete protein coding
regions of all RNA segments were done using the neighbor-joining (NJ) method
(20, 47). Nucleotide distance matrices were estimated by the six-parameter
method (19) based on the number of total nucleotide substitutions, and evolu-
tionary trees for the HA (Fig. 1A), NA (Fig. 1B), PB2 (Fig. 2A), PB1 (Fig. 2B),
PA (Fig. 2C), NP (Fig. 2C), M (Fig. 3A), and NS (Fig. 3B) genes were con-
structed (20). To evaluate the robustness of the trees, the probabilities of the
internal branches were determined by 500 bootstrap replications (16).

RESULTS

Amino acid differences in the HA and NA proteins. As
shown in Table 2, amino acid changes in the HA and NA
glycoproteins accumulated in a sequential fashion over time.
Indeed, when compared to that of Kit93, 10 amino acid differ-
ences in the HA1 protein of 1995 isolates were also found in
those of 1997 isolates (Fuk97 and Shi97). Previously unchar-
acterized substitutions were observed in proposed antigenic
sites A and B, as well as the receptor binding domain of the
HA protein (55, 56). Even though a novel change at position
226 of the receptor binding domain of the HA protein in
Japanese and Chinese isolates of the 1994-1995 influenza sea-
son was reported (31), this residue was found to have changed
again from isoleucine to valine in viruses of 1996 and 1997.
Changes from leucine to glutamine at position 226 have been
reported to be involved in determining binding specificity to
host cell receptors (36, 41, 46); however, the effect of isoleu-
cine or valine at this critical site have not been determined and
warrant further study.

As with the HA, amino acid differences in the NA proteins
were maintained in those of later viruses. Substitutions were
observed throughout the NA protein, although most changes
were located in the functional globular region. Amino acid
differences were also revealed in locations which have been
implicated as antigenic sites of the NA protein (11) at position
336 (Y to H) in viruses of 1996 and 1997 as well as at residue
342 (N to D) in Fuk97. One change was also revealed in the
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substrate-binding pocket at position 151 (D to G), although
this change was observed in only one isolate, Fuk96.

Amino acid differences in the internal M1, M2, NS1, and
NS2 proteins. Analysis of the M genes revealed that the M1
proteins of influenza viruses were highly conserved, supporting
the observations by Ito et al. (23). Indeed, amino acid substi-
tutions were only observed in the most recent isolates of 1997
(Fuk97 and Shi97), which contained three amino acid substi-
tutions at positions 219 (I to V), 227 (A to T), and 230 (K to
R). Also, it was of interest to reveal that, although most M2
proteins of viruses isolated from the 1993-1997 period were
completely conserved, those of the 1995 isolates showed as
many as four amino acid changes (Table 2) at positions 16 (G
to E) and 21 (D to G) in the external amino domain, position
57 (Hto Y) in the internal carboxyl domain, and position 43 (L
to F) in the functional transmembrane domain.

Twelve amino acid substitutions were observed in the NS1
proteins of viruses isolated from 1994 to 1997, although most
changes were restricted to a single virus or to viruses of a
particular season. Only one substitution, at position 164 (S to
P), was shown in all viruses from 1994 to 1997 when compared
to that of Kit93. In contrast to the high variability of the NS1
proteins, the NS2 proteins of these viruses were highly con-
served. Only one difference was observed in the NS2 protein of
Shi95, at position 26 (E to V).

Amino acid differences in the proteins of the PB2, PB1, PA,
and NP proteins of the RNP complex. Analysis of amino acid
sequence changes in the PB2, PB1, and PA proteins of recent
Japanese viruses found only a low number of amino acid
changes in these proteins, changes which were often not main-
tained in other isolates. Of the nine amino acid substitutions
observed in the PB2 proteins of viruses from 1993 to 1997, only
two were maintained, at position 570 (I to M) in all viruses
isolated after 1994 and at position 697 (L to I) in isolates of
1996 and 1997. Similarly, only 2 of 11 amino acid substitutions
among the PB1 proteins were conserved, at positions 56 (R to
K) and 622 (Q to R), in all of the viruses isolated after 1994.
However, with the exception of Fuk96 and Nii9%6, one amino
acid difference was revealed in all of the isolates, at position
216 (S to G). Remaining substitutions in the PB1 protein were
restricted to one isolate or to viruses of a single season. The PA
protein had slightly higher variability, with 17 differences ob-
served between isolates, although 9 of them were erratic and 5
were shared only among viruses of their respective epidemic
seasons. Only two changes, at positions 432 (V to I) and 712 (T
to K), were maintained in isolates of 1995 and 1996, although
these disappeared in viruses of 1997 which contained changes
at residues 312 (R to K), 350 (T to N), and 557 (M to I).

The pattern of amino acid differences in the NP proteins is
worth notice from an evolutionary point of view. For example,
all six amino acid changes observed in the NP proteins of
Aki%4 also existed in those of the 1997 viruses (Fuk97 and
Shi97) but were not found in those of the 1995-1996 viruses.
Also, a change at residue 451 (A to T) in viruses isolated in
1995 and 1996 (Miy95, Shi95, Fuk96, and Nii96) was not main-
tained in viruses of 1997. Two additional amino acid differ-
ences were found in isolates of 1997 at positions 18 (E to D)
and 239 (M to V) which were not observed in those of other
isolates.

Evolutionary analysis of the HA and NA genes. Phylogenetic
profiles of the HA gene (Fig. 1A) were consistent with those of
previous reports (14, 31) and showed that the HA gene had
evolved in a sequential fashion, with isolates of each season
forming distinct clades. The HA genes of viruses of 1995
formed a clade which could be further divided into two branch
clusters (BC) represented by 951 (Aki95, Toc95, and Aic95) and
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TABLE 2. Amino acid variation observed in human H3N2 viruses isolated from 1993 to 1997 in Japan®

PB2 aa at position: PBI aa at position: PA aa at position:
Protein

82 107 221 318 539 553 559 570 697 14 56 83 97 163 179 216 382 439 517 622 212 250 256 275 276 312 341 342 349 350 376 409 432 437 548 557 712
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TABLE 2—Continued

HA (HA1 domain) aa at position:
Protein

527 34 111 114 133 135 142 156 157 158 164 167 172 183 196 197 214 219 226 248 262 275 276 278 279
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TABLE 2—Continued

NP aa at position: NA aa at position:
Protein

Kit93 ER D I M S NE RAMSNIPQITVG Q NDV NEVPYQNNIKSEGTSIK
Aki%4 K E V L G G N S L E A | R K
AKki95
Toc95
Miy95
Shi9s
Fuk96
Nii%
Fuk97
Shi97

oo
==
mm
<<
<<
rr
gUuYUUUODUO
=
<
zzzzzz
Zzzzzzz
rrrrrr
M mmmmmm

00
00
z2Zz
-z

<

TABLE 2—Continued

M1 aa at position: M2 aa at position: NSI1 aa at position: NSZ. aa .
Protein at position:

219 227 230 16 21 43 57 33 66 68 71 101 112 129 144 164 209 212 228 26

Kit93 | A K G
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AKki95 E
Toc95 E
Miy95 K |
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¢ Predicted amino acid (aa) differences in the proteins of human H3N2 viruses isolated from 1993 to 1997. Only locations where differences were observed are
indicated. Differences located in the proposed antigenic sights and of the HA and NA proteins are underlined with a single line. Amino acid differences in the proposed
receptor binding domain of the HA protein, as well as the functional domain of the NA protein, are double underlined.
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FIG. 1. Evolutionary trees based on the total number of nucleotide substitutions of the HA1 domain of the HA (A) and NA (B) genes of human H3N2 influenza
viruses constructed by NJ analysis. Numbers at the nodes indicate confidence levels of bootstrap analysis with 500 replications as a value of percent.

95ii (Shi95 and Miy95), respectively, with a bootstrap value (BSV) ent branch clusters, their HA1 proteins were identical to that of
of 87. Although 1995 viruses were divided phylogenetically into Toc95 (Table 2). Also, the 1996 viruses Fuk96 and Nii9%6 formed
two branch clusters, variability among the HA genes of these a branch cluster together with the vaccine strain, Wuh95 (BC 96)
isolates was a reflection of silent nucleotide mutations in the HA1 (BSV 35), while Fuk97 and Shi97 (BC 97) (BSV 87), were located
domain. For instance, although Miy95 and Toc95 were on differ- on the newest lineage.
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FIG. 2. Evolutionary trees of the PB2 (A), PB1 (B), PA (C), and NP (D) genes of human H3N2 influenza viruses based on the total number of nucleotide
substitutions in the protein coding regions constructed by NJ analysis. Numbers at the nodes indicate confidence levels of bootstrap analysis with 500 replications as

a percentage value.

Like the HA gene, the NA genes of H3N2 isolates were
shown to evolve in an essentially linear fashion (Fig. 1B).
Analysis of the NA gene in this report showed the evolutionary
patterns of the NA genes of the most recent viruses of 1996
and 1997 to have divided into two clades including Wuh95,
Fuk96, and Nii9% (BC 96) (BSV 56) and Fuk97 and Shi97 (BC
97) (BSV 100). However, in contrast to the HA gene, cocircu-
lation of distinct NA genes in the same epidemic season was
observed, a finding supporting the phylogenetic variability
observed by Xu et al. (59). Viruses of 1995 were revealed to
be located in two distinct branch clusters, including 95i
(Aki95 and Toc95) (BSV 94) and 95ii (Miy95 and Shi95)
(BSV 97).

Evolutionary analyses of the PB2, PB1, PA, and NP genes.
Results of parallel phylogenetic analyses of the genes coding
for the proteins of the RNP complex were particularly note-
worthy. The PB2 genes (Fig. 2A) of viruses isolated from 1993

to 1997 were found to evolve generally in a sequential fashion,
as isolates of 1993 (Kit93), 1994 (Aki94), 1995 (BC 95ii), 1996
(BC 96), and 1997 (BC 97) were on the same lineage. How-
ever, two viruses of 1995 (BC 95i) (BSV 100) formed a branch
cluster which was distinguished from other viruses and appar-
ently diverged before 1993. In the case of the PB1 gene (Fig.
2B), bootstrap analysis determined that isolates of 1997 (BC
97) (BSV 100) were most similar genetically to that of an
earlier isolate of 1994 (Aki%94) (BSV 67), whereas those of
other isolates of 1995 and 1996 formed a separate lineage
which was further divided into three branch clusters containing
those of 1995 (BC 95i and 95ii) (BSV 99 and 98, respectively)
and 1996 isolates (BC 96) (BSV 97). Construction of the evo-
lutionary tree for the PA genes (Fig. 2C) revealed yet another
distinct topology which showed little correlation with the chro-
nology of the virus isolates, although the probabilities of the
internal branches of the tree were very high. Viruses of 1995
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FIG. 2—Continued.

(BC 95i and 95ii) (BSV 91 and 99, respectively) and 1996 (BC
96) (BSV 99) formed clades distinct from the viruses of 1997
(BC 97) (BSV 100), which appeared to have diverged some-
time earlier. Also, the evolutionary position of a 1994 virus
(Aki94) indicated that this gene branched off prior to that of a
1993 virus (Kit93) (BSV 100).

As shown in Fig. 2D, results of phylogenetic analysis of the
NP genes of many human H3N2 viruses showed that these
genes had evolved essentially as a single lineage, supporting
observations by Shu et al. (50). However, an examination of
the NP genes of viruses isolated from 1993 to 1997 sequenced
in this study demonstrated that those of 1997 (BC 97) (BSV
100) viruses formed a distinct lineage with that of a 1994
isolate (Aki94) (BSV 100) that evidently had diverged prior
to 1993. Viruses of 1995 and 1996, which appeared to have
derived from the NP genes similar to 1993 viruses, evolved
into three clades distinguishing the viruses of 1995 (BC 95i)
(BSV 99) and (BC 95ii) (BSV 100) and those of 1996 (BC
96) (BSV 74).

Evolutionary analysis of the M and NS genes. Even though
the M genes of human H3N2 viruses were highly conserved,
the present study revealed distinct phylogenetic differences

(Fig. 3A). The M genes of the 95i branch (BSV 98) were
distantly related to other viruses of 1995 (BC 95ii) (BSV 78),
while the M genes of two 1996 isolates were also different from
one another. Most interestingly, it was clearly shown that the
M genes of viruses of 1997 (BC 97) (BSV 99) were distin-
guished from those of other recent Japanese viruses and
showed the highest degree of genetic similarity to that of a
Chinese isolate of 1993, Heb93 (BSV 95).

The results of an evolutionary analysis of the NS genes of
recent isolates revealed nonlinear evolutionary pathways (Fig.
3B). The phylogenetic relationships among 1996 and 1997 vi-
ruses could not be elucidated, since the BSVs were relatively
low, allowing for other possible branching patterns. However,
it was apparent that viruses of the 95ii clade (BSV 96) were
distinct from other 1995 viruses of the 95i clade (BSV 57),
which were more similar to that of Aki9%4 (BSV 63).

Influenza virus activity in Japan from 1993 to 1997. From
year to year, the level of human morbidity and mortality
attributed to influenza virus activity may vary considerably.
In order to estimate the levels of influenza virus activity
in Japan, various types of data are collected annually from
local hospitals, clinics, and schools, as well as from prefec-
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FIG. 3. Evolutionary trees of the M (A) and NS (B) genes of human H3N2 influenza viruses based on the total number of nucleotide substitutions in the complete
protein coding regions constructed by NJ analysis. Numbers at the nodes indicate confidence levels of bootstrap analysis with 500 replications as a percentage value.

tural and municipal institutes of hygiene. The numbers of
reported influenza-like illnesses (ILIs) and the numbers of
virus isolates of A/H3N2, A/HIN1, and B influenza virus are
good indices in the estimation of morbidity due to influenza
(Table 3). Also, these indices allow the estimation of the
yearly relative morbidity in humans caused by each influenza
virus. As shown in Table 3, the numbers of ILIs reported in
the five influenza seasons from 1993 to 1997 varied consid-
erably, as did the numbers of isolates of each influenza virus
(A/HIN1, A/H3N2, and B). By calculation of the relative
morbidity due to A/H3N2 viruses for each season, it was
revealed that A/H3N2 activity was very high in the 1993,
1995, and 1997 seasons, with morbidity cases of 304,665,
361,831, and 229,490, respectively. These values are in sharp
contrast to the values determined for the 1994 and 1996
seasons of 65,192 and 11,245 cases, respectively.

DISCUSSION

Influenza viruses contain a segmented genome consisting of
eight minus-sense RNA segments which code for 10 known
viral proteins that are capable of reassortment during coinfec-
tion of a single host with two influenza viruses. Indeed, reas-
sortment between human influenza viruses of different sub-
types and between human and swine influenza viruses has been
demonstrated repeatedly (3, 37-40, 51, 61), and it has been
suggested that swine may serve as an intermediate host in
which reassortment between human, swine, and avian influ-
enza viruses may occur to give rise to new pandemic strains (3,
8, 26, 37, 44, 51, 54, 58). Also, a natural HIN2 reassortant
containing the HA of recent human HINI1 viruses and the NA
of recent human H3N?2 viruses has been isolated from humans
in China (30). With this evidence, it may be expected that
reassortment between cocirculating human influenza viruses of
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TABLE 3. Estimation of relative morbidity due to influenza A (H3N2) viruses from 1993 to 1997 in Japan

No. of influenza virus isolates®

Relative morbidity

Epidemic season” No. of ILIs" due to H3N2
A/HIN1 A/H3N2 B Total influenza virus?
1993 (10/92-10/93) 877,520 0 1,278 2,403 3,681 304,665
1994 (10/93-10/94) 76,461 0 457 79 536 65,192
1995 (10/94-10/95) 735,175 88 1,917 1,890 3,895 361,831
1996 (10/95-10/96) 176,260 3,475 237 3 3,715 11,245
1997 (10/96-10/97) 317,305 0 3,217 1,231 4,448 229,490

“ The epidemic season in Japan begins in October and continues until October of the next year, as indicated in parenthesis.
® Numbers of ILIs represent the number of influenza-like illnesses reported by elementary, junior high, and high schools to the Ministry of Health and Welfare,

Tokyo, Japan.

< Influenza virus isolates represent the numbers of viruses isolated by prefectural and municipal institutes of hygiene as reported to the National Institute of Infectious

Diseases, Tokyo, Japan.

4 Relative morbidity due to H3N2 influenza virus was determined as follows: relative morbidity = ILI X (number of H3N2 isolates/total number of isolates).

the same subtype occurs. Indeed, recent phylogenetic diver-
gence of the NA gene was suggested to be the result of genetic
reassortment between recent human viruses (59). However,
through evolutionary analysis of the internal NS gene, it was
proposed that reassortment among cocirculating viruses ap-
pears not to occur very often and, therefore, it has been sug-
gested that fixation of mutations in the genes coding for the
internal proteins is dependent on immune pressure on the HA
protein, effectively linking the evolution of the internal genes
of influenza viruses to the HA gene (7, 17). Although this may
indeed often be the case, parallel analyses of the genes coding
for the surface glycoproteins and internal proteins have never
been reported. A scarcity of sequence data of the internal
genes of human H3N2 viruses has made it very difficult to
analyze the phylogenetic patterns of these genes in a parallel
manner. Also, available sequence data is of different viruses,
isolated in different years and in different parts of the world,
making an accurate comparison of the evolutionary patterns of
these genes very difficult. The determination in this study of
the phylogenetic pathways of all eight genes of 10 recent in-
fluenza viruses revealed that the gene segments coding for the
internal proteins of these viruses are evolving in a more-inde-
pendent manner than was previously speculated and were not
linked to the evolution of the HA gene.

Although the HA proteins of four viruses isolated in the
epidemic season of 1995 were almost identical, differences
were observed in the PB1, PA, NP, NA, M2, and NS1 proteins
which distinguished these viruses into two pairs. With the ex-
ception of the HA gene, the differences in the proteins of 1995
viruses were further supported by evolutionary analysis, indi-
cating that the genes of 1995 isolates consistently diverged into
two distinct branch clusters (95i and 95ii) with bootstrap prob-
abilities of 95 to 100. It was, therefore, understood that con-
siderable variability existed among cocirculating viruses in the
same epidemic season which was not apparent through analysis
of the HA protein alone. Also, it appeared that distinct RNA
segment constellations of 95i and 95ii viruses may have been
established through reassortment among cocirculating H3N2
viruses.

As summarized in Table 4, evolutionary patterns determined
for each of the eight genes of human H3N2 viruses isolated
from 1993 to 1997 indicated that reassortment between cocir-
culating human influenza viruses apparently occurred during
this 5-year period. Two isolates of 1995, Aki95 and Toc95,
contained PB2 and NP genes which were genetically more
similar to those of a 1993 virus than to those of other viruses
isolated in the same epidemic season. Japanese viruses of 1997
contained HA, NA, and PB2 genes that appeared to have
originated from those of the previous variant of 1996, while the

genes coding for the internal PB1, PA, NP, and M proteins
apparently derived from earlier viruses of the 1993-1994 sea-
son. Most notably, the evolutionary patterns of the internal
genes clearly demonstrated with bootstrap probabilities of 99
to 100 that the PB1 and NP genes of 1997 viruses were most
similar to those of a 1994 isolate, whereas the M genes were
distinct from all Japanese isolates from 1993 to 1996 and were
instead most similar to that of a Chinese isolate of 1993. Even

TABLE 4. Proposed derivative strains of RNA segments
of recent human H3N2 viruses

. RNA Phylogeneticall
EVOlu.tlonary clade segment no. clgseft virus ory
(isolates) (protein) branch cluster®
95i (A/Akita/1/95 and 1 (PB2) Kit93
A/Tochigi/44/95) 2 (PB1) 95ii
3 (PA) 95ii
4 (HA) 95ii
5 (NP) Kit93
6 (NA) Ala95
7 (M) Nii%
8 (NS) ND
95ii (A/Shiga/20/95 and 1 (PB2) Aki%4
A/Miyagi/29/95) 2 (PB1) 95i
3 (PA) 95i
4 (HA) 95i
5 (NP) 96
6 (NA) 1da95
7 (M) Nii9%6
8 (NS) ND
96 (A/Fukushima/114/96 1 (PB2) 95ii
and A/Niigata/137/96) 2 (PB1) 95ii
3 (PA) 95i
4 (HA) Wuh95
5 (NP) 95ii
6 (NA) Wuh96
7 (M) 95i
8 (NS) ND
97 (A/Fukushima/140/96 1 (PB2) 96
and A/Shiga/25/97) 2 (PB1) Aki%4
3 (PA) Kit93
4 (HA) Fuk96
5 (NP) Aki%4
6 (NA) 96
7 (M) Heb93
8 (NS) ND

“ ND, the phylogenetically closest virus could not be accurately determined.
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though the topology of the phylogenetic tree for the PA gene
did not correlate well with the dates of the isolates, the PA
genes of the 1997 isolates were shown to have diverged from a
virus other than those of 1995 or 1996. Although it was re-
ported that the NS genes of human H3N2 viruses evolves in a
rapid and sequential fashion (7, 17), our analyses of the NS
genes of recent H3N2 viruses revealed a nonlinear pattern of
evolution and amino acid substitutions which seldom survived
longer than one season. The nonlinear evolutionary pattern of
the NS genes created difficulty in the determination of the
origins of the NS genes of recent viruses, since significant
probabilities for the internal branches could not be calculated.
Nevertheless, the evidence suggested that distinct RNA con-
stellations appeared to be a result of genetic recombination
between cocirculating human H3N2 viruses and that genetic
exchange may or may not accompany antigenic drift of the HA
protein.

It has been suspected for some time that new epidemic
variants of H3N2 influenza virus originated from China (49,
54), since antigenically variable viruses may circulate for some
time in China before becoming epidemic. This was apparent
when A/Beijing/32/92-like viruses were isolated as early as 1990
in China but did not become epidemic until 1993 (13, 14, 31,
57). A/Beijing/32/92-like viruses, therefore, appear to have cir-
culated for at least 3 years in China before becoming the
predominant epidemic strain globally. It is unclear why a par-
ticular strain will suddenly emerge after circulating for years in
China, although it is generally thought that this is because the
HA protein has not undergone sufficient antigenic change to
effectively evade established immunity in the human popula-
tion. In the five epidemic seasons in Japan investigated in this
report (1993 to 1997), the relative morbidity due to H3N2
viruses in the 1993, 1995, and 1997 seasons was considerably
higher than in the 1994 or 1996 seasons. High levels of mor-
bidity due to H3N2 virus activity in 1995 and 1997 coincided
with observed variability in the internal proteins, which was
apparently the result of genetic reassortment. The results of
this study provide evidence that strongly suggests for the first
time that genetic exchange among cocirculating H3N2 influ-
enza virus strains involving gene segments coding for the in-
ternal proteins occurs naturally in the human population and
that this mechanism of genetic reassortment may be important
in virus evolution and pathogenicity. In addition to antigenic
drift of the HA protein, emergence of new epidemic H3N2
strains may be influenced by the establishment of a suitable
RNA segment constellation through a combination of genetic
mutation and reassortment between cocirculating viruses. This
study establishes the importance of analyzing the entire ge-
nome of human influenza viruses when studying new epidemic
strains. Changes in the internal proteins, as well as antigenic
variability in the surface glycoproteins, should be considered
when analyzing and predicting newly emerging influenza vi-
ruses in humans.
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